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EXECUTIVE  SUMMARY 


Problems  and  Objectives:  The  use  of  poor  lubricity  fuels  in  United  States  military  ground 
equipment  is  causing  increased  wear  in  critical  fuel-lubricated  components.  Currently,  no 
recognized  standard  exists  to  define  the  lubricity  requirements  of  the  fuel  injection  systems  in 
compression  ignition  engines. 

Importance  of  Project:  The  fuel  injection  system  is  central  to  the  reliable  operation  of 
compression  ignition  engines.  Use  of  low-lubricity  fuel  may  have  contributed  to  the  increase  in 
pump-related  failures  seen  in  the  1990-91  Operation  Desert  Shield/Storm  operations.  A 
standardized  bench  test  that  recognizes  the  fuel  lubricity  requirements  of  fuel  injection  systems 
is  urgently  needed. 

Technical  Approach:  A  number  of  possible  additives  to  enhance  fuel  lubricity  were  evaluated. 
The  additized  fuels  were  initially  studied  using  the  Ball-on -Cylinder  Lubricity  Evaluator 
originally  developed  by  the  U.S.  Air  Force.  Subsequently,  a  more  detailed  test  series  was 
developed  to  reflect  the  operating  environment  and  metallurgy  inside  a  fuel-sensitive  diesel 
injection  pump.  Finally,  a  systematic  study  of  fuel  lubricity  was  undertaken  using  a  wear¬ 
mapping  technique. 

Accomplishments:  The  Ball-on-Cylinder  Lubricity  Evaluator  (BOCLE)  was  found  to  be  an 
accurate  wear  test,  sensitive  to  the  lubricity  of  fuels,  under  mild  corrosive  wear  conditions. 
However,  more  severe  contact  conditions  would  require  a  modified  test  that  reflects  the  wear 
mechanism  present.  A  potentially  viable  test  that  reflects  these  needs  was  suggested,  and 
fuel/additive  components  were  recommended  for  pump  wear  reduction. 

Military  Impact:  The  results  of  this  study  indicate  that  use  of  certain  jet  fuels  is  likely  to 
increase  pump  wear,  although  hardware  modifications  are  available  to  alleviate  the  problem.  A 
minimum  fuel  lubricity  requirement  for  jet  and  diesel  fuels  is  urgently  needed.  The  current  study 
highlighted  the  wear  mechanisms  present  with  low-lubricity  fuels,  with  reference  to  the  likely 
needs  of  the  more  critical  fuel  system  components. 
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I.  INTRODUCTION 


To  decrease  its  fuel  logistics  burden,  the  Department  of  Defense  (DOD)  is  advancing  the  use  of 
a  single  fuel  on  the  battlefield, (1)*  To  this  end,  Aviation  Turbine  Fuel,  Military  Grade  JP-8 
(NATO  Code  F-34),  JP-5  (F-44),  or  Commercial  Jet  A-l  (F-35)  is  replacing  diesel  fuel  (DF-2) 
in  selected  theaters  of  operations.  Prior  to  this  directive  (1),  JP-8  was  specified  as  an  alternative 
fuel  for  use  in  compression  ignition  engines.  As  such,  no  significant  degradation  of  performance 
or  service  life  should  occur  as  a  result  of  operating  diesel  equipment  on  JP-8. 

The  DOD  and  North  Atlantic  Treaty  Organization  (NATO)  "single  fuel"  directives  (1,2)  are 
supported  by  many  years  of  engine  testing  (3-5)  and  more  recently  by  an  ongoing  JP-8 
demonstration  at  Fort  Bliss,  TX.(6)  Some  deterioration  of  Stanadyne  rotary  fuel  injection  pumps 
(Model  DB2)  fitted  to  a  General  Motors  (GM)  6.2-liter  engine  was  observed  in  a  210-hour 
laboratory  dynamometer  test  (7)  and  in  a  laboratory  pump  rig  evaluation.(8)  However,  this 
deterioration  was  not  evident  in  a  subsequent  400-hour  laboratory  dynamometer  test  (9),  nor  in 
a  10,000-mile  road  test  (10)  with  M1028  Commercial  Utility  Cargo  Vehicles  (CUCV)  at  the 
Mesa  Arizona  Proving  Ground. 

Increased  equipment  use  associated  with  the  1990-1991  Operation  Desert  Shield/Storm  in  Saudi 
Arabia  caused  a  sharp  rise  in  the  occurrence  of  injection  pump  failures.  The  Stanadyne  rotary 
fuel  injection  pump  is  associated  with  most  of  the  failures.  Of  the  equipment  currently  in  service 
with  the  U.S.  military,  the  Stanadyne  fuel  injection  pump  appears  to  be  the  most  sensitive  to  low- 
lubricity  fuel.  For  this  reason,  the  wear  mechanisms  present  in  the  Stanadyne  pump  were  singled 
out  as  the  basis  for  the  current  study. 


II.  OBJECTIVES 


The  program  had  several  objectives.  Because  of  the  ongoing  Operation  Desert  Shield/Storm,  the 
most  immediate  objective  was  to  develop  a  rapid  screening  of  fuel  additives  and  lubricants  that 

*  Underscored  numbers  in  parentheses  refer  to  the  list  of  references  at  the  end  of  this  report. 
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could  serve  as  a  lubricity  improver  for  Jet  A-l  fuel.  The  long-term  objectives  of  the  project  are 
to  develop  bench  tests  that  reflect  the  lubricity  requirements  of  the  fuel  injection  system.  Tins 
objective  will  probably  require  a  scuffing  load  test  to  define  the  ultimate  load-carrying  capability 
of  the  fuel.  A  series  of  pump  stand  tests  will  be  completed  with  neat  and  additized  fuels  to 
provide  baseline  data  for  correlation  with  tr.e  bench  tests. 

This  document  primarily  reports  on  the  efforts  toward  accomplishing  the  first  objective. 
Additional  work  on  the  remaining  objectives  is  ongoing  and  will  be  reported  upon  completion 
of  the  tasks. 


111.  BACKGROUND 


A.  Fuel  Lubricity 

In  most  fluids,  air  is  beneficial  to  the  formation  of  an  effective  boundary  «ayer.  (_U)  However, 
the  lack  of  polar  compounds  and  reactive  species  in  highly  refined  fuels  allows  formation  of  an 
oxide  layer  on  metallic  surfaces.  According  to  the  Pilling-Bedworth  rule  Q2),  the  oxides  of  iron 
do  not  adhere  strongly  to  the  base  material.  The  weaker  surface  layer  is  repeatedly  formed  and 
removed  during  sliding  contact  to  produce  a  high  material  removal  rate.  If  the  applied  load  is 
sufficiently  great,  failure  of  the  surface  layers  will  occur,  allowing  adhesive  welding  between  the 
metallic  substrates.  This  catastrophic  form  of  adhesive  wear  is  commonly  known  as  scuffing  and 
is  distinct  from  the  milder  oxidative  mechanism.  Weak  oxide  layers  that  promote  wear  under 
mild  conditions  probably  also  serve  to  separate  the  bulk  materials  and  prevent  adhesive  scuffing. 

In  aviation,  problems  associated  with  poor  fuel  lubricity  may  be  traced  back  to  the  19605.(13-17) 
In  the  present  context,  a  fluid’s  friction  and  wear  characteristics  in  a  rubbing  system  are 
synonymous  with  the  term  "lubricity."  This  means  that  low  friction  and  wear  relates  to  high 
lubricity,  and  severe  friction  and  wear  relates  to  low  lubricity.  Increasing  severity  in  the  refining 
process  removed  many  of  the  polar  compounds  necessary  to  form  an  effective  boundary  film. 
Among  the  commonly  used  low-lubricity  fuels  are  Jet  A-l  and  JP-8.  Jet  A-l  is  the  industry 
standard  aviation  fuel,  used  worldwide  by  commercial  airlines.  It  is  similar  to  Jet  A,  but  has  a 
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lower  freeze  point  (-47°C  versus  -40°C).  Jet  A-l  normally  contains  no  lubricity  additives  and 
consists  solely  of  kerosene  fractions.  JP-8  is  equivalent  to  Jet  A-l ,  with  the  following  mandatory 
inhibitors: 

a)  Fuel  system  icing  inhibitor 

b)  Static  dissipator  additive 

c)  Corrosion  inhibitor. 

It  is  generally  agreed  that  the  icing  inhibitor  and  the  antistatic  additive  have  no  appreciable  effect 
on  lubricity.QS) 

B.  Evaluation  and  Measurement  of  Fuel  Lubricity 

To  qualitatively  measure  fuel  lubricity,  the  U.S.  Air  Force  adopted  the  ball  on-cylinder  test 
configuration,  originally  pioneered  by  Furey.Q9)  The  ball-on-cylinder  device,  commonly  known 
as  the  BOCLE  (Ball-on-Cylindcr  Lubricity  Evaluator),  has  proven  to  be  sensitive  to  the  small 
amounts  of  corrosion  inhibitor  necessary  to  improve  lubricity.  The  BOCLE  test  provides  a 
lightly  loaded  contact,  in  which  the  oxide  layers  are  removed  without  introducing  alternative  wear 
mechanisms,  such  as  adhesion  or  severe  abrasion  between  the  bulk  materials.ni)  Many 
conventional  scuffing  and  wear  tests  are  too  severe  to  differentiate  between  the  poor  lubricities 
of  different  fuels.(20,21)  After  slight  modification,  the  BOCLE  was  accepted  as  ASTM  Method 
D  5001,  "Test  Method  for  Measurement  of  Lubricity  of  Aviation  Turbine  Fuels  by  the  Ball-on- 
Cylinder  Lubricity  Evaluator  (BOCLE),"  (22)  and  is  now  the  widely  accepted  lubricity  test  for 
aviation  fuels. 

In  the  standard  BOCLE  test,  the  average  wear  scar  diameter  formed  between  the  test  specimens 
is  taken  as  an  indicator  of  fuel  lubricity.  Currently,  no  specification  exists  for  the  level  of 
lubricity  required  to  meet  the  needs  of  the  fuel  injection  systems  on  compression  ignition 
equipment.  The  introduction  of  low-sulfur/aromatic  diesel  in  response  to  impending  legislation 
to  reduce  exhaust  emissions  is  expected  to  promote  increased  wear  in  civilian  equipment  The 
Society  of  Automotive  Engineers  has  formed  a  committee  to  address  the  lubricity  requirements 
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of  diesel  injection  systems.  Both  the  initial  meeting  of  the  committee  and  an  open  forum 
presentation  held  in  February  1991  emphasized  the  urgency  of  the  problem.  A  number  of  pump 
manufacturers  stated  that  equipment  failures  using  certain  fuels  have  already  been  reported  in 
Canada  and  Japan. 

C.  The  Stanadvne  Fuel  Injection  Pump 

Of  the  equipment  currently  in  service  with  the  United  States  military,  the  Stanadyne  rotary  fuel 
injection  pump  appears  to  be  the  most  sensitive  to  poor  fuel  lubricity.  For  this  reason,  the  wear 
mechanisms  present  in  the  Stanadyne  pump  were  singled  out  as  the  basis  for  the  current  study. 

An  exploded  view  of  the  Stanadyne  model  DBM  pump  is  shown  in  Fig.  1.  The  most  common 
failure  mechanism  with  the  Stanadyne  pump  appears  to  be  seizure  between  the  rotor  and  housing, 
close  to  the  transfer  pump.  Under  normal  conditions,  these  parts  should  be  separated  by  a 
hydrodynamic  film.  The  manufacturer  indicates  that  this  type  of  failure  is  normally  due  to 
excessive  side  thrust  in  the  transfer  pump  area,  caused  by  sticking  of  the  transfer  blades  or  excess 
transfer  pump  pressure.(23)  Due  to  its  lower  viscosity,  JP-8/Jet  A-l  forms  a  weaker 
hydrodynamic  film  than  DF-2  fuel.  Several  pump  tests  were  performed  to  determine  the  transfer 
pump  pressure  required  co  cause  seizure  in  the  above  manner.  These  tests,  discussed  in  Appendix 
A,  used  Jet  A-l  fuel  at  temperatures  similar  to  those  expected  to  exist  in  practical  application. 
However,  none  of  the  three  pumps  failed,  even  when  pressures  greater  than  twice  the  maximum 
recommended  by  the  manufacturer  were  applied. 

The  fact  that  none  of  the  pumps  failed  during  the  bench  tests  indicates  that  the  lower  viscosity 
of  Jet  A-l  is  probably  not  the  primary  cause  of  failure,  i.e.,  the  hydrodynamic  film  is  unlikely 
to  fail  during  normal  operation.  Failure  of  the  hydrodynamic  film  is  more  likely  to  occur  as  a 
secondary  effect,  as  a  result  of  abnormal  loads  created  in  another  area  of  the  pump. 

Previously,  a  number  of  failed  Stanadyne  pumps  from  diesel  engine  driven  mobile  power 
generator  sets  were  examined  at  the  Belvoir  Fuels  and  Lubricants  Research  Facility.(24)  The 
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1.  KEY,  dr  It*  shaft 

2.  SHAFT,  drive 

3.  SEAL,  drive  theft 

4.  SEAL,  pilot  tube 

5.  HOUSING  ASSEMBLY,  pump 
4.  SPRING,  metering  valve 

7.  VALVE,  metering 

R.  ARM  ASSEMBLY,  metering  valve 

9.  GUIDE,  Idling  tprlng 

10.  SPRING,  Idling 

11.  RETAINER,  tprlng 

12.  SPRING,  governor  control 

13.  ARM,  governor 

14.  SPRING,  governor  linkage 

15.  HOOK  ASSEMBLY,  governor  linkage 
Id.  CAM,  thut-off 

IT.  GASKET ,  control  cover 
IS.  COVER,  governor  control 

19.  SCREW,  cover  held  deem 

20.  SCREW,  loo  Idle  edjwtlng 

21.  SEAL,  low  Idle  ed|.  tcrew 

22.  WASHER,  low  Idle  ad|.  tcrew 

23.  NUT ,  low  Idle  od| .  tcrew 

24.  LEVER,  throttle  theft 
23.  SPRING,  danger 
2d.  SLEEVE,  damper 

27.  LEVER  ASSEMBLY ,  adj ,  thut-off 

28.  LOCKWASHER ,  od| .  thut-off  lever  ret .  tcrew 

29.  SCREW,  ad| .  thut-off  lover  retaining 

30.  SCREW,  adj .  thut-off  lever  positioning 

31 .  LOCKWASHER,  od|.  thut-off  lever  pat.  tcrew 

32.  SCREW,  thut-off  lever  adjusting 

33.  NUT,  ad  jutting  tcrew 


33.  SCREW,  hood  locking 

36.  SEAL,  shaft 

37.  SHIM,  motoring  valve 
3B.  SEAL,  pivot  thaft 

39.  NUT,  pivot  thaft  retainer 

40.  STUD,  guide 

41.  WASHER,  guide  ttud 

42.  SCREW,  ttop  lever  fitting 

43.  SCREW,  timing  line  cover 

44.  COVER,  timing  line 

43.  GASKET ,  timing  lino  cover 
4d.  RING,  Wive  thaft  retaining 

47 .  WEIGHT ,  governor 

48.  SLEEVE,  governor  thruet 

49.  WASHER,  governor  (leave  thrutf 

30.  RING,  governor  cage  retaining 

31 .  RETAINER  ASSEMBLY,  governor  weight 

32.  CAM  RING 

33.  SEAL,  hyWoullc  heed 

34.  ROLLER,  com 
S3.  SHOE,  cam  roller 
3d.  PLUNGER,  rotor 

37 .  HEAD  AND  ROT  OR ,  hydraulic 

SB .  HYDR4UUC  HEAD  AND  ROTOR  ASSEMBLY 

39.  ROlLiMN,  end  plate  locating 

«0.  SEAL,  Alter  cap 

dl .  CAP  1  FILTER  ELEMENT  ASSEMBLY 

62.  PISTON,  regulating 

63.  SPRING,  regulating 

64.  SEAL,  end  plate  tleeve 
63.  PLUG,  end  plate 

66.  SLEEVE,  end  plate 

67.  SPRING,  plunger  retaining 
66.  SCREW,  end  plate 


69.  PLUG,  end  plate  pipe 

70.  PLATE,  end 

71 .  SEAL,  trmefer  pump 

72.  BLADE,  Irantbr  pump 

73.  UNER,  trantferpump 

74.  RING,  rotor  retainer 
73.  RETAINER,  rotor 

76.  WASHER,  fuel  line  connector  tcrew 

77.  CONNECTOR,  fuel  line 

78.  SCREW,  fuel  line  connector 

79.  SPRING,  leaf 

80.  SCREW,  leaf  tprlng  od|uetlng 

81 .  SEAL,  head  locating  tcrew 

82.  SEAL,  com  hole 

83.  PLATE,  cam  locating 

84.  SEAL,  head  locating  tcrew 
83.  SCREW,  heed  locating 

86.  SCREW,  com  locating 

87.  WASHER,  cam  locating  tcrew 
86.  SEAL,  torque  tcrew 

89.  NUT,  torque  tcrew 

90.  SCREW,  torque 

91 .  PLATE,  name 

92.  SCREW,  noma  plate 

93  •  NUT ,  high  Idle  edjuttlng  tcrew 
94.  SCREW,  high  Idle  od|uttlng 

93.  SCREW,  throttle  lever  retaining 

96.  RETAINER,  throttle  lever  tprlng 

97.  SPRING,  throHle  lever 

98.  LEVER  ASSEMBLY,  throttle  thaft 

99.  SHAFT  ASSEMBLY,  throttle 
100.  SHAFT,  governor  atm  pivot 


34.  SHAFT  ASSEMBLY,  thut-off 

Figure  1.  Exploded  view  of  the  Stanadvne  DBM  fuel  injection  nump 
(Note:  This  figure  was  taken  from  the  Stanadyne  operation  manual.) 
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results  of  that  study  indicated  that  none  of  the  failures  could  be  directly  attributed  to  the  use  of 
Jet  A-l  fuel.  However,  a  systematic  study  of  the  pump  components  indicated  that  certain  areas 
are  particularly  wear  prone.  A  qualitative  estimate  of  the  wear  present  on  critical  components 
from  a  number  of  used  pumps  is  provided  in  Appendix  B. 

In  general,  the  transfer  pump  vanes  and  the  drive  tang  (which  connects  the  pump  rotor  to  the 
input  shaft)  are  more  severely  worn  than  the  remainder  of  the  pump.  The  manufacturer  produces 
an  "arctic"  conversion  kit  that  replaces  these  parts  when  the  pump  is  continually  used  with  low- 
lubricity  fuel.  This  conversion  is  commonly  used  in  arctic  conditions,  during  which 
DF-l/DF- A/Jet  A-l  is  available.  Severe  drive  tang  wear  will  affect  the  injection  timing  and 
reduce  pump  performance,  but  should  not  induce  catastrophic  pump  failure.  However,  problems 
in  the  transfer  pump  are  known  to  cause  seizure  of  the  rotor  (23),  which  is  the  commonly 
observed  failure  mode  that  has  occurred  in  Saudi  Arabia.  It  is  significant  that  the  improved 
metallurgy  of  the  arctic  parts  is  sufficient  to  prevent  wear  under  low-lubricity  conditions.  In 
addition,  the  highly  loaded  hydraulic  head  shows  no  sign  of  wear,  indicating  that  a  metallurgical 
design  "fix"  is  possible. 

Examination  of  a  number  of  highly  worn  transfer  pump  vanes  from  pumps  operated  on  Jet  A-l 
in  Saudi  Arabia  indicated  that  the  worn  surfaces  are  polished  and  largely  free  of  mechanical 
deformation.  The  condition  of  these  surfaces  is  consistent  with  the  topography  normally 
produced  by  a  corrosive  wear  mechanism.  However,  Stanadyne  provided  vanes  from  failed 
pumps  that  showed  evidence  of  scuffing  wear  between  the  transfer  pump  vane  and  liner.  These 
components  are  reported  to  have  operated  for  less  than  10  hours  on  low-lubricity  fuel. 


IV.  TECHNICAL  APPROACH 

As  an  immediate  "fix,"  a  range  of  possible  lubricity  additives  was  evaluated  using  the  standard 
BOCLE  test.  However,  additive  effectiveness  is  influenced  by  variations  in  metallurgy,  loading, 
temperature,  and  even  humidity,  all  of  which  are  held  constant  in  the  standard  test.  As  a  result, 
the  more  promising  candidates  from  the  initial  evaluation  were  tested  at  a  wide  range  of 
conditions  using  both  the  BOCLE  (ASTM  D  5001)  and  Cameron-Plint  wear  test  apparatus. 
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To  obtain  a  better  understanding  of  the  effects  of  test  severity  on  the  wear  process,  a  wear¬ 
mapping  technique  was  developed.  Results  obtained  from  the  Cameron-Plint  wear  tests  were 
used  to  characterize  wear  as  a  function  of  two  simultaneous  variables.  The  results  delineate  the 
useful  application  range  of  sliding  contacts  lubricated  with  each  fuel.  In  particular,  the  scuffing 
load  capacity  of  each  fuel/additive  combination  is  clearly  demonstrated. 

Finally,  a  modified  BOCLE  technique  capable  of  determining  the  scuffing  load  capability  of 
various  fuels  was  evaluated.  The  initial  results  obtained  using  the  revised  methodology  were 
encouraging  but  demonstrated  relatively  poor  repeatability. 

The  above  tests  were  performed  using  U.S.  Army-supplied  Reference  No.  2  diesel  fuel  (Cat  1-H) 
(25).  JP-8  (26).  and  Jet  A-l  aviation  turbine  fuel,  (27)  In  addition,  a  range  of  Saudi  Arabian 
refined  diesel  and  Jet  A-l  fuels  used  by  the  U.S.  Military  Forces  in  Saudi  Arabia  was  obtained. 
Selected  physical  and  chemical  properties  of  each  fuel  are  summarized  in  Appendix  C. 


V.  DISCUSSION  OF  RESULTS 

A.  Initial  Lubricity  Additive  Evaluation  in  BOCLE 

A  number  of  potential  additive  packages  were  evaluated  using  the  standard  BOCLE  test 
procedure  as  delineated  in  ASTM  D  5001.  The  BOCLE  used  in  this  evaluation  was  capable  of 
continuous  measurement  of  both  friction  coefficient  and  contact  resistance  during  testing.  The 
fuel  used  was  U.S.  Army-procured  Jet  A-l  (Lab  No.  AL-19346-F)  with  the  physical  and  chemical 
properties  detailed  in  Appendix  C.  The  fuel  was  clay  treated  in  accordance  with  ASTM  D  3948, 
"Method  for  Determining  Water  Separation  Characteristics  of  Aviation  Turbine  Fuels  by  Portable 
Separometer  in  the  Field."  Clay-treating  strips  the  fuel  of  possible  additives,  naturally  occurring 
lubricity  agents  (polar  compounds),  and  contaminants.  The  resulting  fuel  provides  a  more  severe 
environment  in  which  to  evaluate  the  effectiveness  of  the  additives.  Clay-treated  Jet  A-l  fuel 
produced  a  wear  scar  diameter  of  0.72  mm. 
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Two  distinct  categories  of  additive  were  examined:  a)  those  specifically  designed  as  fuel 
additives  (not  necessarily  to  improve  lubricity)  and  b)  various  lubricants/fluids  generally  available 
in  the  theater.  The  additives  were  blended  into  the  base  fuel  at  the  manufacturer’s  recommended 
dosage  as  given  in  TABLE  1.  The  remaining  fluids,  detailed  in  TABLE  2,  were  added  to  the 
fuel  at  1, 1.5,  and  2  vol%,  based  upon  feedback  from  field  personnel  deployed  in  Saudi  Arabia. 


TABLE  1.  Fuel  Additives  Evaluated  in  BOCLE  Tests 


Puroose 

Brand 

Name 

Military 

Specification 

Recommended 

Concentration 

(mg/L) 

Multifunctional 

FOA-15 

- 

71 

Corrosion  Inhibitor 

DCI-4A 

MIL-I-25017  (28) 

15 

Biocide 

BIOBOR-JF 

- 

227 

Stabilizer 

FOA-15  + 
BIOBOR-JF 

MIL-S-53021  (29) 

71  &  227 

Corrosion  Inhibitor 

Unicor  J 

MIL-I-25017 

9 

Lubricity  Additive 

PETROLITE 

EX1  603 

-- 

300 

Lubricity  Additive 

PETROLITE 

91-57695 

- 

300 

Lubricity  Additive 

PETROLITE 

90- 

- 

300 

Corrosion  Inhibitor 

Nalco  5405 

MIL-S-25017 

11 

Corrosion  Inhibitor 

Unicor  J 

MIL-S-25017 

9 

Corrosion  Inhibitor 

IPC-4410 

MIL-S-25017 

9 

Corrosion  Inhibitor 

IPC-4410 

MIL-I-25017 

9 

Corrosion  Inhibitor 

Naico  5405 

MIL-I-25017 

11 

TABLE  2.  Lubricant/Fluid  Products  Evaluated  in  BOCLE  Tests 


Purpose 


Brand  Name 


Military 

Specification 


Lubricating  Oil,  Engine 

Lubricating  Oil,  Gear 
Lubricating  Oil,  Preservative 
Lubricating  Oil,  Turbine  Engine 
Hydraulic  Fluid 
Transmission  Fluid 
Two-Cycle  Motor  Oil 


Shell  — 

Fire  and  Ice 

Valvoline 

Aeroshell 

Bray 

DEXRON-II 


MIL-L-2104  (30) 

MIL-L-2105  (3JD 
MIL-L-3150  (32) 
MIL-L-23699  (33) 
MIL-H-46170  (34) 

NSN  9150-00-698-2342 


The  results  obtained  from  the  BOCLE  tests  are  shown  in  Figs.  2  and  3.  The  results  obtained  for 
0.3  wt%  sulfur  [di-terf-butyl  disulfide  (TBDS)]  added  to  the  clay-treated  Jet  A-l  fuel  are  included 
in  Fig.  2.  Clearly,  sulfur  increases  the  wear  rate  under  these  conditions.  Some  of  the  lubricants 
generally  available  in  the  theater  were  successful  in  reducing  wear.  However,  the  combination 
of  FOA-15  and  BIOBOR-JF  appears  to  act  synergistically  to  significantly  reduce  wear.  A  strong 
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Wear  Scar  Diameter  (mm) 


Wear  Scar  Diameter, 


Figure  3.  Results  of  BOCLE  wear  tests  on  lubricant/fluid  products 
available  in  Saudi  Arabia 


contact  resistance  was  measured  with  this  combination,  indicating  the  presence  of  a  boundaryfilm. 
BIOBOR-JF  and  FOA-15  are  qualified  under  MIL-S-53021  (29).  for  use  in  diesel  fuels  meeting 
the  requirements  of  VV-F-800  intended  for  intermediate  or  long-term  storage. (35)  The  test 


results  for  BIOBOR-JF/FOA-15  in  clay-treated  Jet  A-l  were  repeated  for  two  different  batches 
of  additive,  with  similar  results  in  each  instance. 

FOA-15  is  a  multifunctional  additive  and  is  known  to  be  a  blend  of  four  compounds.  One  of  the 
compounds  is  similar  to  AFA-1,  and  another  is  known  as  FOA-3.  The  remaining  compounds  are 
proprietary.  AFA  1  and  FOA-3  were  obtained  and  tested  using  the  standard  BOCLE  test  but 
produced  little  wear  protection  when  used  alone.  A  number  of  other  products  are  also  qualified 
under  MIL-S-53021.  Each  of  these  additives  was  evaluated  in  clay-treated  Jet  A-l  at  the 
manufacturer’s  suggested  concentration.  However,  none  of  the  remaining  additives  qualified 
under  MIL-S-53021  was  successful  in  reducing  wear  to  the  extent  produced  by  the 
BIOBOR-JF/FOA-15  combination.  BIOBOR-JF  is  approved  for  use  by  a  number  of  turbine 
engine  manufacturers.  (36) 

DCI-4A  (MIL-I-25017)  (28)  is  used  by  the  U.S.  Air  Force  as  a  corrosion  inhibitor/lubricity 
additive.  DCI-4A  reduced  the  wear  rate  seen  in  the  standard  BOCLE  test,  but  was  less  effective 
than  the  BIOBOR-JF/FOA-15  combination. 

The  addition  of  gear  oil  or  engine  oils  to  Jet  A-l  actually  increases  wear  as  shown  in  Fig.  3.  The 
common  practice  of  field  personnel  to  add  quantities  of  these  fluids  to  the  fuel  is  clearly 
undesirable.  In  addition,  secondary  performance  problems  are  likely  to  occur  as  described  in 
Reference  37. 


1.  Effect  of  Additive  Concentration 


Both  DCI-4A  and  the  BIOBOR-JF/FOA-15  blend  were  evaluated  at  a  range  of  concentrations  in 
clay-treated  Jet  A-l,  using  the  standard  BOCLE  test  methodology.  (Note:  The  manufacturer’s 
recommended  dosage  for  DCI-4A  is  15  mg/L,  while  the  dosage  rates  for  BIOBOR-JF/FOA-15 
are  227  and  71  mg/L,  respectively.)  The  wear  scar  produced  by  the  MIL-S-53021  blend  is 
relatively  insensitive  to  concentrations  lower  than  that  suggested  by  the  manufacturer,  as  shown 
in  Fig.  4.  (The  concentration  of  BIOBOR-JF/FOA-15  plotted  is  the  sum  total  of  both  additives.) 
DCI-4A  is  less  effective  than  BIOBOR-JF/FOA-15  at  all  but  the  lowest  concentrations. 
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Figure  4.  Effect  of  additive  concentration  on  standard  BOCLE  test 

2.  Effect  of  Temperature  on  Additive  Effectiveness 

BOCLE  tests  were  carried  out  at  temperatures  between  0°  and  90°C  with  clay-treated  Jet  A-l, 
producing  the  results  shown  in  Fig.  5.  Tests  were  run  on  clay-treated  Jet  A-l  and  JP-8  for 
comparison.  As  the  tests  were  not  carried  out  at  25°C,  they  deviate  from  the  ASTM  test 
standard.  In  addition,  the  fuel  was  not  aerated  before  each  test,  as  is  specified  in  the  standard. 
This  variation  helped  minimize  loss  of  lighter  fractions  from  the  fuel,  which  has  a  flash  point  of 
44°C. 

Erratic  test  results  were  achieved  for  clay-treated  Jet  A-l  at  temperatures  above  approximately 
50°C.  The  predictable  curves  exhibited  by  the  additized  fuels  were  not  apparent.  Previous 
workers  have  also  observed  this  effect  (38)  and  suggested  that  it  may  be  due  to  competition 
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Tcmpfli’iHuc  (Q 


between  increased  rates  of  fuel  oxidation  and  surface  corrosion  at  high  temperatures.  Fuel 
oxidation  reactions  form  various  oxygenated  species  (i.e.,  carboxylic  acids,  aldehydes,  alcohols, 
etc.)  that,  because  of  their  polar  nature,  act  as  good  lubricity  agents. 


Jet  A-l  containing  DCI-4A  and  JP-8  produced  very  similar  results.  This  similiarity  is  not 
unexpected  as  JP-8  contains  a  mandatory  corrosion  inhibitor.  BIOBOR-JF/FOA-15  appears 

I 

1  unaffected  by  increasing  temperature  and  is  more  effective  than  DCI-4A  over  the  temperature 

range  studied. 
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3. 


Effect  of  Humidity  on  Lubricity  Additives 


BOCLE  wear  tests  were  carried  out  with  DCI-4A  as  well  as  BIOBOR-JF/FOA-15  in  clay-treated 
Jet  A-l  as  a  function  of  humidity.  Tests  were  also  carried  out  using  neat  clay-treated  Jet  A-l 
and  Reference  No.  2  diesel  fuel  (Cat  1  -H)  for  comparison.  The  results  are  plotted  in  Fig.  6  and 
indicate  that  the  wear  scars  formed  with  Cat  1-H  and  Jet  A-l  containing  DCI-4A  are  almost 
independent  of  moisture  content.  DCI-4A  has  no  effect  on  the  wear  rate  of  Jet  A-l  at  0  percent 
humidity.  By  comparison,  the  wear  rate  of  both  unadditized  fuel  and  the  BIOBOR-JF/FOA-15 
treated  fuel  is  highly  dependent  on  humidity.  At  high  humidities,  some  condensation  was  visible 
in  the  bottom  of  the  fuel  bath.  The  effects  of  free  moisture  on  wear  rate  and  test  repeatability 
are  unknown. 


Q  Li  i-i  i  1  i  i  l  iioJULtixi  t  I  i  i  i  i  t  i  i  t  i  1  i  i  1.  I  »  -i  t  ili  i  i  i  I  i  i  «-i  i 

0  10  20  30  40  50  60  70  80  90  100 
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Figure  6.  Effect  of  humidity  on  BOCLE  wear  test  results 
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Most  lubricity  agents  are  believed  to  act  by  competing  with  oxygen  or  wuier  vapor  for  reaction 
sites  on  the  metallic  surface.  In  the  absence  of  polar  compounds  in  the  fuel,  oxygen  and  water 
are  free  to  react  with  the  nascent  metal  surfaces  formed  during  the  wear  process.  As  a  result, 
the  wear  rates  associated  with  low-lubricity  fuels  are  particularly  sensitive  to  the  levels  of  oxygen 
and  humidity  present,  while  more  lubricous  fuels  (such  as  diesel)  are  almost  insensitive  to  the 
test  atmosphere.  The  reason  for  the  large  increase  in  wear  with  BIOBOR-JF/FOA-15  at  high 
humidity  levels  is  unknown. 

4.  Additive  Effectiveness  in  Different  .let  Fuels 

A  range  of  Jet  A-l  fuels  was  obtained  from  Saudi  Arabia,  similar  to  those  used  during  Operation 
Desert  Shield.  Information  on  each  fuel  is  provided  in  Appendix  C.  Results  from  standard 
BOCLE  wear  tests  both  with  and  without  the  DCI-4A  (15  mg/L)  and  BIOBOR-JF/FOA-15 
(227/71  mg/L,  respectively)  additives  are  provided  in  Fig.  7.  It  should  be  noted  that  the  above 
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fuels  were  not  clay-treated  before  testing.  However,  the  relatively  large  wear  scar  obtained  in 
each  instance  indicates  that  the  fuels  have  inherently  poor  lubricity.  The  test  results  obtained 
with  the  clay-treated  fuel  discussed  in  previous  sections  are  also  included  for  comparison. 
Clearly,  both  additives  are  effective  in  reducing  wear  with  the  range  of  fuels  tested. 

5.  Effect  of  Additive  Blending 

Lubricity  additives  when  blended  together  may  react  synergistically,  as  seen  with  the 
BIOBOR-JF/FOA-15  combination.  However,  additive  interference  may  also  occur.  No 
interference  is  expected  when  Jet  A-l  containing  BIOBOR-JF/FOA-15  is  added  to  fuel  tanks 
containing  diesel,  as  MIL-S-53021  is  specified  primarily  for  use  in  diesel  fuels.(35) 

JP-8  contains  a  corrosion  inhibitor  (DCI-4A  or  similar)  and  the  effect  of  blending  fuels 
containing  this  compound  with  BIOBOR-JF/FOA-15  is  unknown.  Standard  BOCLE  tests  were 
carried  out  using  fractions  of  each  additized  fuel,  with  the  results  shown  in  Fig.  8.  The  wear  scar 
produced  in  each  instance  is  equivalent  to  that  produced  by  BIOBOR-JF/FOA-15  alone  at  that 
concentration  (see  Fig.  4).  No  synergism  or  antagonism  appears  to  exist. 


100/0  75/2S  50/50  25/75  0/100 

Additive  Cone.  Ratio  (Btobor/DCl) 


Figure  8.  Effects  of  blending  BIOBOR-.IF/FOA-15  (227/71  mg/L)  with 
DCI-4A  (15  mg/L),  each  added  to  clav-treated  Jet  A-l  at 
manufacturer’s  recommended  dosage 
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B.  Evaluation  of  Lubricity  Additives  Using  the  Cameron-Plint  Apparatus 


1.  Test  Methodology 

The  previous  examination  of  the  more  successful  lubricity  additives  was  confined  to  the  test 
materials  (AISI  E-52100  and  SAF.  8720  steel)  and  test  conditions  defined  by  the  BOCLE  test 
method.  These  conditions  and  test  materials  are  not  representative  of  those  believed  to  exist 
within  the  Stanadyne  rotary  fuel  injection  pump.  At  the  time  of  testing,  no  information  was 
available  regarding  the  materials  contained  in  the  pumps. 

The  Cameron-Plint  high-frequency  wear  test  apparatus  is  described  in  detail  in  Appendix  D  and 
is  discussed  in  Reference  39.  In  its  present  configuration,  the  Cameron-Plint  test  apparatus  is  less 
precise  than  the  BCCLE  and  has  no  facilities  to  aerate  the  fuel  or  control  humidity  and  test 
atmosphere.  However,  the  apparatus  has  several  advantages.  In  particular,  wear  testing  is 
possible  at  normal  loads  of  up  to  25  kg  with  a  variety  of  specimen  configurations.  This 
capability  allows  accelerated  wear  tests  using  specimens  machined  from  actual  pump  components, 
ensuring  the  correct  metallurgy  and  hardness. 

Wear  data  from  used  pumps  (summarized  in  Appendix  B)  indicate  that  the  drive  tang  and  transfer 
pump  are  the  most  wear-prone  areas.  As  a  result,  the  current  test  series  concentrates  on  test 
specimens  made  from  components  in  these  assemblies.  To  minimize  the  temperature  during 
machining,  the  specimens  were  cut  using  an  electronic  discharge  machine. 

The  Cameron-Plint  test  apparatus  produces  a  reciprocating  contact,  similar  to  that  believed  to 
exist  at  the  drive  tang.  The  maximum  amplitude  of  the  motion  between  the  input  shaft  and  the 
pump  rotor  (at  the  drive  tang)  was  taken  to  be  0.1  mm.  This  deviation  is  likely  to  occur  once 
per  fuel  injection  cycle,  i.e.,  eight  times  per  pump  revolution.  The  contact  pressure  at  the  drive 
tang  was  calculated  for  a  torque  of  500  inch-pounds.  This  torque  is  the  maximum  required  to 
drive  a  Stanadyne  DB2  pump  with  a  fuel  injection  pressure  of  6000  psi  at  2500  rpm  and  occurs 
only  during  the  pumping  period.(40)  The  contact  area  and  the  average  radius  of  contact  between 


17 


the  drive  tang  and  the  pump  rotor  were  calculated  from  measurements  of  wear  scars  taken  from 
a  selection  of  used  pumps. 

The  motion  between  the  pump  vanes  and  the  eccentric  housing  is  one  of  unidirectional  sliding. 
The  pump  vanes  are  pressed  against  the  eccentric  liner  by  a  small  spring.  Friction  between  the 
rotor  and  the  pump  vanes  adds  to  the  contact  load  at  critical  parts  of  the  pump  cycle,  making 
precise  calculations  difficult. 

The  test  conditions  and  the  estimated  contact  conditions  within  the  pump  are  provided  in 
TABLE  3,  for  both  the  drive  tang  and  pump  vanes.  In  each  instance,  the  figures  are  an 
approximation,  i.e.,  the  contact  pressure  varies  during  each  wear  test  as  the  size  of  the  wear  scar 
increases.  It  should  be  noted  that  the  true  sliding  speed  of  the  transfer  pump  vanes  is  almost  an 
order  of  magnitude  greater  than  that  possible  in  the  Cameron-Plint  test  apparatus. 


TABLE  3.  Test  Conditions  in  the  Cameron-Plint  Wear  Apparatus 


Component 


Pump  Vane 

Drive  Tang 

Parameter 

Test 

Actual 

Test 

Actual 

Stroke,  mm 

2.38 

- 

2.38 

~0.1 

Frequency,  Hz 

35 

- 

5 

120  to  240 

Speed,  mm/s 

166 

1300  to  2600 

23.8 

12  to  24 

Contact  Press,  mPa 

70 

>35 

160 

190 

The  tests  were  carried  out  at  41°C  over  a  period  of  130  minutes.  It  is  likely  that  the  fuel 
temperature  within  an  operating  pump  would  be  considerably  in  excess  of  this  value.  However, 
higher  test  temperatures  would  drive  off  the  lighter  fractions  of  the  fuel  in  an  unpressurized 
environment.  In  an  attempt  to  produce  a  slightly  higher  localized  contact  temperature,  each  of 
the  tests  was  carried  out  with  a  short  stroke  length  of  2.38  mm.  The  effective  temperature  of  the 
materials  in  the  immediate  vicinity  of  the  contact  is  unknown. 
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2. 


Results  From  Cameron-Plint  Tests  Using  Standard  Pump  Components 


Results  from  wear  tests  carried  out  on  the  components  taken  from  the  transfer  pump  and  drive 
tang  are  plotted  in  Figs.  9  and  10,  respectively.  Results  obtained  for  the  same  fuels  using  the 
standard  BOCLE  test  per  ASTM  D  5001  are  also  included  for  comparison.  The  test  accuracy 
achieved  with  the  Cameron-Plint  test  apparatus  was  lower  than  that  of  the  BOCLE.  The  decrease 
in  repeatability  is  largely  due  to  difficulty  in  aligning  the  test  specimens  and  in  measuring  the 
wear  scar  diameter  formed  on  the  pump  parts.  To  improve  repeatability,  each  test  was  repeated 
twice  and  a  mean  value  calculated.  The  plotted  results  are  expected  to  be  correct  within  10  to 
15  percent. 

Direct  quantitative  comparison  between  the  Cameron-Plint  test  results  and  those  from  the  BOCLE 
is  not  possible.  Nonetheless,  qualitatively  good  correlation  is  observed  between  the  BOCLE  test 
results  and  those  of  the  Cameron-Plint  tests,  for  the  relatively  lightly  loaded  transfer  pump 
components.  The  wear  scar  diameter  caused  by  Jet  A-l  is  significantly  reduced  by  the  use  of 
lubricity  additives.  BIOBOR-JF/FOA-15  is  particularly  effective  and  produces  less  wear  than 
Reference  No.  2  diesel  fuel  (Cat  1-H).  In  addition,  a  finite  contact  resistance  was  measured  after 
approximately  10  minutes  of  sliding,  indicating  the  presence  of  a  boundary  film.  No  measurable 
resistance  was  observed  with  any  of  the  remaining  fuel  additives  or  Cat  1-H  diesel.  Additional 
tests  were  carried  out  with  the  four  Saudi  Jet  A-l  fuels  available  in  the  theater.  Since  the  results 
obtained  for  these  tests  are  similar  to  the  clay-aeated  fuels,  they  are  not  discussed  in  this  report. 

The  correlation  achieved  between  the  Cameron-Plint  and  the  BOCLE  tests  was  relatively  poor 
for  the  more  highly  loaded  drive  tang  parts.  The  lubricity  additives  still  produce  a  measurable 
decrease  in  wear;  however,  the  BIOBOR-JF/FOA-15  combination  now  produces  similar  results 
to  DCI-4A.  Under  these  severe  contact  conditions,  diesel  is  the  most  effective  lubricant. 

The  friction  coefficient  measured  with  the  neat  Jet  A-l  fuel  as  well  as  the  additive  combinations 
was  relatively  high  and  erratic  as  shown  in  Fig.  1 1.  The  high  friction  coefficient  in  the  heavily 
loaded  contact  indicates  that  some  scuffing  may  be  occurring  with  Jet  A-l.  By  comparison,  the 
friction  coefficient  measured  during  tests  lubricated  with  Cat  1-H  was  lower  and  remained  steady. 
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Figure  9.  Results  obtained  from  lightly  loaded  Cameron-Plint  tests  on 
specimens  cut  from  the  transfer  pump 


Figure  10.  Results  obtained  from  highly  loaded  Cameron-Plint  tests  on 
components  cut  from  the  drive  tang 
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Figure  11.  Typical  examples  of  friction  coefficient  produced  by  highly  loaded 
pump  materials  in  the  Cameron-Plint  test  apparatus 

Addition  of  0.3  percent  sulfur  [di-ter/-butyl  disulfide]  to  the  clay-treated  Jet  A-l  (<0.002  wt%  S) 
appreciably  reduced  the  measured  friction  coefficient.  A  concomitant  increase  in  wear  rate  was 
also  observed,  probably  due  to  a  corrosive  mechanism.  However,  an  optimum  level  may  exist 
at  which  some  scuffing  load  protection  is  provided  with  less  associated  wear, 

3.  Effect  of  Dust  Particles  on  Wear  Rate 

As  discussed  in  Reference  41,  a  number  of  workers  have  described  the  detrimental  effects  of  sand 
dust  on  engine  wear.  To  study  this  effect  in  more  detail,  specimens  of  "typical"  roadside  dust 
from  Saudi  Arabia  were  obtained.  These  dust  particles  ranged  in  size  from  50  to  200  ^im. 
Cameron-Plint  wear  tests  lubricated  with  Cat  1-H  contaminated  with  1  percent  Saudi  dust  were 
performed.  Specimens  cut  from  the  transfer  pump  vanes  were  used  in  these  tests  as  it  was  felt 
that  the  relatively  soft  sintered  material  would  be  most  vulnerable  to  two-  or  three-body  abrasion. 
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Surprisingly,  the  dust  particles  had  no  measurable  effect  on  wear.  Despite  its  fine  size 
distribution,  much  of  the  dust  settled  to  the  bottom  of  the  fuel  reservoir  and  so  probably  did  not 
enter  the  contact  area  during  the  test.  The  tests  were  repeated  with  periodic  agitation  of  the  fuel 
bath.  However,  wear  scars  similar  to  the  previous  tests  were  recorded. 

4.  Arctic  Pump  Vanes 

A  series  of  wear  tests  using  the  upgraded  "arctic"  transfer  pump  vanes  and  liner  were  carried  out 
at  the  same  conditions  as  those  detailed  for  the  standard  parts  in  the  previous  section.  The  arctic 
parts  were  appreciably  more  wear  resistant  than  the  standard  parts.  As  a  result.  ie  wear  scar 
produced  on  the  curved  surface  of  the  vanes  was  not  significantly  greater  than  the  Hertzian 
diameter  due  to  elastic  deformation. 

In  order  to  gain  a  more  accurate  comparison  between  the  wear  rates  associated  with  the  standard 
and  arctic  parts,  a  Tally  surf  profilemeter  was  used  to  accurately  measure  the  wear  scar  formed 
on  the  flat.  Profiles  were  taken  across  the  wear  scar  produced  during  each  test  and  the  volume 
of  material  removed  calculated  from  unfiltered  traces.  The  results  are  plotted  in  Fig.  12. 


Figure  12.  Comparison  of  the  wear  rate  measured  on  "arctic”  and  standard 
transfer  pump  components  in  the  Cameron-PIint  test  apparatus 
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C.  Wear  Maps 


1.  Background 

The  wear-mapping  technique  allows  representation  of  wear  rate  as  a  function  of  two  simultaneous 
variables.  Clearly,  however,  many  variables  play  an  integral  role  in  wear  and,  as  such,  the  wear 
mapping  procedure  must  represent  more  than  a  simple  plotting  technique  between  two  indepen¬ 
dent  variables.  It  must  represent  a  self-consistent  and  unified  test  methodology  in  which  the 
remaining  effects  are  either  accurately  defined  or  eliminated. 

The  current  wear-mapping  technique  is  a  development  of  the  work  performed  at  the  National 
Institute  of  Standards  and  Technology  (NIST)  for  the  study  of  ceramic  materials. (42-43)  The 
NIST  study  was  carried  out  using  a  four-ball  wear  test  instrument  and  a  constant  duration,  step¬ 
loading  technique.  This  technique  minimized  the  number  of  specimens  required,  while  producing 
a  reasonable  test  rate  to  create  the  large  volume  of  data  required  for  each  map. 

2.  Wear  Map  Test  Methodology 

Data  for  the  present  study  were  generated  using  the  Cameron-Plint  high-frequency  reciprocating 
wear  test.  In  this  test,  the  upper  (reciprocating)  specimen  is  a  chrome  alloy  steel  ball 
manufactured  from  AISI  standard  steel  No.  E-52100,  with  a  diameter  of  6.35  mm,  grade  25  EP 
finish.  This  material  corresponds  with  that  used  in  the  12.7-mm  diameter  ball  in  the  standard 
BOCLE  test.  The  opposing  flat  specimen  is  also  AISI  standard  steel  No.  E-52100,  polished  to 
a  mirror  finish. 

Each  wear  test  was  carried  out  over  a  constant  sliding  distance,  instead  of  the  more  usual 
constant  sliding  duration.  This  methodology  ensures  that  tests  carried  out  over  a  range  of  sliding 
speeds  are  direcdy  comparable  (simply  dividing  by  the  effective  sliding  distance  takes  no  account 
of  the  low-contact  pressures  formed  beneath  highly  worn  specimens). 
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A  short  duration  test  was  required  to  minimize  the  test  time,  while  still  producing  a  measurable 
wear  scar.  To  determine  the  most  effective  sliding  distance,  a  series  of  exploratory  tests  were 
carried  out  to  define  the  running-in  process  for  the  contact  The  tests  were  carried  out  at  a 
constant  oscillating  frequency  of  25  Hz,  which  represents  the  mean  of  the  speed  range  available. 
The  test  was  halted  at  regular  intervals,  and  the  wear  scar  diameter  remeasured  without 
removing  the  specimens.  The  test  could  then  be  restarted  without  altering  the  preexisting 
contact  geometry.  The  wear  rate  is  represented  by  the  diameter  of  the  scar  formed  on  the  ball, 
measured  using  optical  microscopy.  If  the  scar  is  not  circular,  an  average  diameter  is  calculated 
from  measurements  taken  along  the  major  and  minor  axis  of  the  ellipse  formed. 

Applied  loads  of  10,  75,  and  150  N  were  used  with  Cat  1-H  diesel  and  clay-treated  (CT)  Jet  A-l 
representing  good  and  bad  lubricity  fuel,  respectively.  However,  seizure  was  found  to  occur  with 
CT  Jet  A-l  at  150  N.  The  results  obtained  at  the  remaining  loads  are  presented  in  Fig.  13.  For 
the  fuel  and  load  combinations  studied,  a  sliding  distance  of  approximately  150  meters 
corresponds  to  the  decrease  in  wear  rate  after  the  initial  running-in  period.  This  point 


Sliding  Dtance  (m) 

Figure  13.  Running-in  curves  for  52100  steel  in  Cameron-Plint  wear  tests 
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represents  the  optimum  compromise  between  test  duration  and  wear  scar  diameter.  All 
subsequent  wear  tests  used  in  the  construction  of  the  wear  maps  were  carried  out  at  this  sliding 
distance. 

The  test  series  was  carried  out  at  conditions  between  30  and  250  mm/s  and  10  to  250  N  load, 
representing  the  full  range  available  on  the  Cameron-Plint  test  apparatus.  As  in  previous  tests, 
the  test  temperature  was  41°C.  Both  friction  coefficient  and  contact  resistance  were  recorded  by 
an  y-t  plotter  throughout  each  test.  The  results  are  left  in  the  form  of  the  measured  wear  scar 
diameter,  as  this  is  the  standard  reporting  procedure  for  the  BOCLE.  Direct  quantitative 
comparison  between  the  Cameron-Plint  apparatus  and  the  BOCLE  test  results  is  not 
possible,  due  to  the  differences  in  test  geometry.  However,  qualitative  comparison  between 
the  two  test  techniques  is  easier  with  the  data  in  this.  form.  The  volume  of  material  (V) 
corresponding  to  a  flat  of  a  given  diameter  (D)  on  a  sphere  of  radius  (R)  may  be  approximately 
calculated  (43)  using  the  following  equation: 

V  =  (PI  X  D4)/(64R)  (Eq.  1) 

The  diameter  of  the  ball  used  in  the  Cameron-Plint  tests  is  6.35  mm,  compared  to  12.7  mm  in 
he  BOCLE.  The  sliding  speed  in  the  BOCLE  is  approximately  615  mm/s  at  an  applied  load  of 

'  N. 

Th<  wear  maps  are  plotted  as  a  function  of  applied  load  and  sliding  speed.  The  approximate 
p-  sure  over  the  apparent  contact  area  at  the  end  of  the  test  may  be  calculated  from  the  wear 
scar  diameter,  assuming  a  circular  scar.  Apparent  contact  pressure  was  not  used  when  plotting 
the  results  (in  place  of  applied  load),  as  it  is  not  necessarily  an  accurate  representation  of  the 
contact  pressure  during  the  test.  A  highly  loaded  contact  will  produce  a  large  wear  scar,  resulting 
in  a  comparatively  low  apparent  contact  pressure  when  measured  at  conclusion  of  the  test. 
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3. 


Fig.  14  shows  the  wear  map  produced  by  clay-treated  Jet  A-l  fuel.  Two  distinct  regions  are 
visible  in  the  map,  separated  by  a  sharp  transition.  The  lower  region  represents  a  wear  scar 
diameter  of  approximately  0.4  mm  and  is  almost  independent  of  speed  and  load.  An  increase 
in  sliding  speed  produces  a  slight  (but  repeatable)  decrease  in  wear  at  approximately  75  mm/s. 
The  decrease  in  wear  rate  is  not  believed  to  be  due  to  hydrodynamic  lift  at  higher  speeds,  as  the 
wear  map  for  diesel  (which  is  a  more  viscous  fuel)  is  almost  independent  of  sliding  speed. 
Grabel  (18)  suggests  that  localized  high  flash  temperatures  may  cause  thermal  and  oxidative 
breakdown  of  normally  nonreactive  components  in  the  fuel.  These  reactive  components  may  then 
be  adsorbed  on  the  surface,  preventing  the  formation  of  an  oxide  layer. 


Transition  from  low  to  high  wear  occurred  due  to  gross  scuffing  and  seizure  between  the 
specimens.  Higher  loads  (and,  to  a  lesser  extent,  speed)  caused  failure  of  the  weak 
boundary/oxide  layer  formed  by  the  fuel.  Subsequent  metal-to-metal  contact  between  the 


opposing  surfaces  caused  severe  adhesive  wear  and  high  friction,  halting  the  test.  When  seizure 
forced  premature  termination  of  the  test,  the  wear  scar  diameter  was  arbitrarily  set  to  1. 

The  addition  of  BIOBOR-JF/FOA-15  (MIL-S-53021)  to  the  clay-treated  Jet  A-l  produces  a  large 
drop  in  wear  scar  diameter  at  low  loads,  as  shown  in  Fig.  15.  It  should  be  recalled  that 
according  to  Eq.  1,  wear  rate  is  proportional  to  wear  scar  diameter  to  the  power  of  4,  representing 
a  very  significant  reduction  in  wear.  However,  an  increase  in  applied  load  produces  a 
concomitant  rise  in  wear,  to  a  level  similar  to  that  observed  with  neat  Jet  A-l  fuel.  As  in 
previous  tests,  a  strong  contact  resistance  was  observed  with  the  BIOBOR-JF/FOA-15  additive. 
No  boundary  film  was  observed  for  the  remaining  fuels  in  the  tests  with  52100  steel. 


227  and  71  mg/L,  respectively,  in  clav-treated  Jet  A-l 


The  addition  of  DCI-4A  to  Jet  A-l  also  decreases  wear  (Fig.  16),  but  to  a  much  lesser  extent 
than  the  BIOBOR-JF/FOA-15  combination.  Both  DCI-4A  and  BIOBOR-JF/FOA-15  appear  to 
delay  the  onset  of  seizure  by  a  small  amount,  particularly  at  low  speeds. 
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Fig.  17  shows  the  wear  map  constructed  for  Cat  1-H  diesel.  At  low  loads,  this  fuel  produces  an 
intermediate  wear  rate:  lower  than  clay-treated  Jet  A-l  but  much  greater  than  Jet  A-l  with 
BIOBOR-JF/FOA-15  added.  The  ranking  achieved  between  the  fuels  at  low  loads  is  similar  to 
that  predicted  by  the  BOCLE,  as  shown  in  Fig.  18.  The  wear  map  data  plotted  represents  test 
results  at  a  10-N  applied  load  and  250-mm/s  sliding  speed.  As  previously  stated,  the  standard 
BOCLE  conditions  are  also  10  N  (with  a  12.5-mm  diameter  ball)  and  615  mm/s. 

However,  at  higher  loads,  diesel  is  appreciably  more  effective  than  clay- treated  Jet  A-l  either 
with  or  without  additives.  The  increased  lubricity  of  diesel  fuels  at  higher  loads  was  not 
predicted  by  the  standard  BOCLE  wear  test. 
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Figure  17.  Wear  map  for  52100  steel  lubricated  with  Reference  No.  2  diesel  fuel 


FUELS 

Figure  18.  Qualitative  comparison  between  BOCLE  test  data  and  data  from  a 
lightly  loaded  region  of  the  wear  maps 


D.  The  BOCLE  Scuffing  Load  Test 


1.  Test  Methodology 

Hadley  and  Blackhurst  (45)  developed  a  test  to  predict  the  scuffing  limited  performance  of  fuels. 
This  work  also  concluded  that  the  standard  BOCLE  wear  test  does  not  provide  a  unique 
description  of  scuffing  tendencies  for  jet  fuels.  A  modified  technique  was  developed  to  ensure 
that  the  BOCLE  operated  in  the  scuffing  mode.  Good  agreement  was  achieved  between  the 
modified  BOCLE  procedure  and  the  results  provided  by  other  test  rigs  such  as  the  Thornton 
Aviation  Fuel  Lubricity  Evaluator,  commonly  known  as  TAFLE. 

The  modified  BOCLE  technique  differs  from  the  ASTM  standard  as  described  in  TABLE  4. 


TABLE  4.  Summary  of  Modifications  to  the  BOCLE  Technique 
Required  for  Examination  of  Scuffing  Load 


Parameter 
Duration 
Atmosphere 
Loading  Mechanism 
Conditioning 
Load 


Modified 

BOCLE  Technique 

60  sec 
Nitrogen 
Motorized 
15  min  in  nitrogen 
1  to  3.5  kg 


Standard 

ASTM  Technique 
30  min 
Air 

Pneumatic 
15  min  in  air 
1  kg 


In  the  revised  methodology,  a  series  of  1 -minute  duration  tests  was  carried  out,  each  with  a  finite 
load  increment.  A  new  ball  is  used  for  each  test.  At  a  critical  load,  scuffing  wear  should  occur, 
reflected  by  an  increase  in  wear  scar  diameter  at  that  point.  The  procedure  recommends  that  the 
tests  be  run  in  nitrogen  in  order  to  restrict  access  of  oxygen  to  the  contact.  The  fuel  reservoir 
must  be  conditioned  with  nitrogen  for  30  minutes  before  each  test  to  remove  all  traces  of  oxygen. 
Oxygen  promotes  thermal  degradation  of  the  fuel  (45),  to  form  lubricous  products.  Such 
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degradation  may  be  less  likely  to  occur  in  a  fully  flooded  contact.  However,  it  should  be 
recognized  that  friction  polymers  are  commonly  observed  in  both  flooded  and  open  contacts. 

2.  BOCLE  Scuffing  Load  Test  Results 

A  number  of  modified  BOCLE  tests  were  carried  out  using  Jet  A-l  and  Cat  1-H  diesel  fuel.  A 
selection  of  these  results  is  shown  in  Fig.  19.  A  relatively  weak  transition  was  observed  in  each 
instance,  spanning  approximately  0.7S  kg  of  loading.  The  exact  point  at  which  transition  may 
be  said  to  occur  requires  a  subjective  judgment  on  the  part  of  the  operator.  In  addition,  the 
repeatability  of  the  tests  was  relatively  poor,  particularly  around  the  critical  transition  region. 


LoidCkg) 

Figure  19.  Results  of  scuffing  load  tests  using  modified  BOCLE  procedure 

The  BOCLE  apparatus  used  in  the  current  work  was  equipped  with  a  friction  force  measurement 
arm.  Examination  of  the  friction  traces  produced  indicates  that  for  tests  within  the  transition 
region,  the  coefficient  of  friction  varies  dramatically  as  a  function  of  time.  At  the  start  of  the 
test,  relatively  high  friction  is  seen,  decreasing  to  a  constant  value  of  approximately  0.1  at  the 
end  of  the  1 -minute  test.  The  amount  of  time  required  for  the  friction  coefficient  to  decrease  was 
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a  function  of  test  load.  The  high  friction  value  probably  corresponds  to  scuffing  and  severe 
adhesive  wear,  while  0.1  is  approximately  the  value  observed  during  long  duration  tests,  i.e., 
produced  by  mild  oxidative  wear. 

The  initial  contact  between  the  counterformal  test  specimens  produces  a  relatively  high  Hertzian 
contact  loading  of  930  N/mm2.  Previous  studies  of  the  running-in  process  for  the  BOCLE  (46) 
indicate  that  a  rapid  decrease  in  pressure  occurs  immediately  after  beginning  the  test.  After 
2  minutes,  the  apparent  contact  pressure  is  only  80  N/mm2.  The  decrease  in  contact  pressure 
allows  rapid  recovery  from  severe  wear  and  scuffing  to  mild  oxidative  wear  and  corrosion.  The 
ability  of  the  contact  to  recover  from  the  scuffing  wear  mechanism  at  a  critical  period  in  the  test 
process  makes  interpretation  of  the  test  results  considerably  more  difficult. 

An  alternative  technique  is  currently  being  developed  in  which  the  applied  load  is  rapidly  and 
continuously  increased.  The  initial  test  results  indicate  that  this  loading  mechanism  prevents 
recovery  from  severe  scuffing  to  mild  corrosive  wear. 


VI.  SUMMARY  AND  CONCLUSIONS 


A.  Summary 

It  has  been  shown  that  relatively  severe  oxidative  wear  occurs  with  low-lubricity  fuels  such  as 
Jet  A-l.  Corrosion  inhibitors  such  as  DCI-4A  are  particularly  effective  in  reducing  this  type  of 
wear.  As  an  immediate  response  to  the  failure  of  rotary  fuel  injection  pump  failures  operated 
with  Jet  A-l  fuel,  a  range  of  possible  fuel  lubricity  additives  was  evaluated.  The  standard 
BOCLE  test  as  defined  by  ASTM  D  5001  indicated  that  BIOBOR-JF/FOA-15  was  the  most 
effective  additive.  However,  the  wide  range  of  inten  elated  parameters  involved  makes  accurate 
representation  of  a  fluid’s  lubricating  capacity  in  a  single  test  almost  impossible.  A  series  of 
nonstandard  BOCLE  tests  tended  to  confirm  the  initial  result. 

The  Cameron-Plint  wear  apparatus  was  used  in  an  attempt  to  simulate  the  wear  mechanisms  and 
metallurgical  properties  found  in  the  Stanadyne  rotary  fuel  injection  pump.  For  lightly  loaded 


32 


components,  good  correlation  was  achieved  between  the  Cameron-Plint  test  results  and  those 
results  previously  obtained  from  the  BOCLE.  Under  more  severe  conditions,  a  different  ranking 
among  the  fuels  emerged. 

An  in-depth  parametric  study  of  fuel  lubricity  was  undertaken  using  a  wear-mapping  technique. 
The  results  from  this  study  indicate  that  the  onset  of  scuffing  wear  and  seizure  does  not  appear 
to  be  reflected  in  the  wear  rate  under  more  lightly  loaded  conditions.  This  is  in  general 
agreement  with  some  previous  work  (45)  in  the  same  area. 

The  ultimate  load  requirements  of  fuel  injection  pumps  are  currently  undefined.  Clearly,  any 
seized  pump  has  suffered  gross  failure  of  the  boundary  film  between  the  opposing  surfaces.  In 
many  instances,  however,  the  seizure  is  a  secondary  problem  promoted  by  a  malfunction  in 
another  area  of  the  pump.  Often  the  primary  cause  of  failure  also  appears  to  be  wear  related. 
None  of  the  pumps  seen  at  BFLRF  had  evidence  of  severe  scuffing,  rather  the  highly  worn 
surfaces  were  polished  in  appearance.  This  polished  appearance  would  indicate  a  relatively  mild 
corrosive  wear  mechanism,  well  represented  by  the  standard  BOCLE  wear  test  method. 

However,  the  manufacturer  believes  that  scuffing  is  a  pertinent  mechanism  and  has  provided 
some  scuffed  transfer  pump  components  to  BFLRF.  In  addition,  simple  wear  tests  designed  to 
simulate  pump  operation  indicate  that  critical  components  are  relatively  highly  loaded  and  close 
to  failure  of  the  boundary  layer.  If  this  is  the  case,  a  bench  test  capable  of  defining  the  scuffing 
load  resistance  of  fuels  is  required. 

B.  Conclusions 

The  following  conclusions  have  been  reached  as  a  result  of  this  study: 

1.  The  use  of  low-lubricity  fuels  will  certainly  promote  increased  wear  of  Stanadyne 
Rotary  Fuel  injection  pumps. 
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2.  The  low  viscosity  of  Jet  A-l  fuel  compared  to  diesel  (DF-2)  should  not  cause  failure 
of  the  hydrodynamic  film  around  the  pump  rotor  under  normal  operating  conditions. 

3.  A  definite  need  exists  for  a  bench  test  that  represents  the  lubr  city  requirements  of 
fuel  injection  equipment. 

4.  Examination  of  highly  worn  fuel  pump  components  indicates  that  the  primary 
material  removal  mechanism  is  likely  to  be  oxidative/corrosive  wear. 

5.  BIOBOR-JF/FOA-15  was  the  most  effective  lubricity  additive  studied.  It 
significantly  decreased  oxidative  wear  at  low  loads,  but  had  little  effect  in  more 
highly  loaded  contacts  prone  to  scuffing.  No  other  additive  qualified  under  MIL-S- 
53021  was  effective  in  improving  fuel  lubricity. 

6.  Most  corrosion  inhibitors  (MIL-I-25017)  are  also  effective  (and  widely  recognized) 
lubricity  additives,  and  these  decrease  the  wear  rate  in  lightly  loaded  contacts  to  a 
level  similar  to  that  seen  with  diesel. 

7.  The  standard  BOCLE  wear  test  as  delineated  by  ASTM  D  5001  is  a  highly 
representative  and  accurate  test  of  fuel/additive  lubricity  for  lightly  loaded  contacts. 

8.  The  results  predicted  by  the  standard  BOCLE  wear  test  do  not  reflect  the  ability  of 
fuels  to  lubricate  in  more  highly  loaded  contacts  prone  to  scuffing. 

9.  The  Cameron-Plint  apparatus  is  capable  of  assessing  fuel  lubricity  at  low  loads  and 
may  also  be  used  to  define  the  scuffing  load  point.  In  its  present  form,  the 
Cameron-Plint  apparatus  is  a  less  well-controlled  wear  test  than  the  BOCLE. 

10.  A  modified  BOCLE  wear  procedure  was  identified  that  may  have  the  potential  to 
predict  the  ability  of  a  fuel  to  resist  scuffing  wear. 
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11.  Upgraded  ("arctic")  transfer  pump  components  available  as  the  arctic  conversion  kit 
for  the  Stanadyne  DB2  pump  had  appreciably  lower  wear  rates  than  the  standard 
parts. 

12.  A  significant  difference  in  lubricity  generally  exists  between  JP-8  and  Jet  A-l.  The 
two  should  not  be  considered  to  have  identical  or  similar  lubricity  properties. 

13.  The  lubricity  requirements/failure  mechanisms  of  fuel  injection  equipment  require 
further  definition. 


VII.  ADDITIONAL  WORK 

1.  A  series  of  pump  tests  are  to  be  carried  out  using  both  arctic  and  standard  pumps,  lubricated 
with  both  neat  and  additized  fuels. 

2.  The  results  obtained  from  the  pump  stand  test  tests  will  be  used  to  define  the  fuel  lubricity 
requirements  of  the  Stanadyne  pump. 

3.  The  modified  BOCLE  technique  to  determine  the  scuffing  load  capabilities  of  fuels  will  be 
further  developed. 

4.  An  attempt  will  be  made  to  find  a  correlation  between  the  needs  of  the  Stanadyne  rotary  fuel 
injection  pump  and  a  wear  test. 

5.  The  operation  of  BIOBOR-JF/FOA-15  as  a  boundary  additive  will  be  studied  in  more  detail. 
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TBDS 

-  di-/m-butyl  disulfide 
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APPENDIX  A 
Pump  Rig  Tests 
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A  number  of  pump  tests  were  carried  out  to  quantify  the  effects  of  increased  side  loading  on 
pump  operation.  These  tests  were  performed  on  standard  Stanadyne  DB2  rotary  fuel  injection 
pumps.  The  unitest  pump  stand  and  test  equipment  specification  are  described  in  more  detail  in 
the  report  by  Montemayor  and  Owens*.  A  schematic  diagram  of  the  fuel  line  system  is  shown 
in  Fig.  A-l  below. 


COOLING 
WATER  - 
IN 


COOLING 
WATER  - 
OUT 


c 

1 

FUEL  TO  WATER 
^  HEAT  EXCHANGER 

7X7X7X 

(COOLS  FUELI  J 

ELECTRIC 

HEATER 


CENTRIFUGAL 
sumv  RUMF 


GM  8.2L  FUEL 
INJECTORS 


DRIVING  ANO 
DRIVEN  GEARS 
RUN  IN  OIL  BATH 


Figure  A-l.  Schematic  diagram  of  the  fuel  system  used  in  pump  tests 


Artificially  high  side  loading  on  the  pump  rotor  was  created  by  obstructing  the  passage  to  the 
pressure  regulator  in  the  transfer  pump.  The  high  transfer  pump  pressure  produced  a  high 
sideloading  on  the  rotor,  away  from  the  fuel  outlet  port.  The  transfer  pump  pressure  produced 
was  continuously  monitored  during  operation. 


*  Montemayor,  A.F.  and  Owens,  E.C.,  "Comparison  of  6.2L  Arctic  and  Standard  Fuel  Injection 
Pumps  Using  JP-8  Fuel,"  Interim  Report  BFLRF  No.  218  (AD  A 175597),  prepared  by  Belvoir 
Fuels  and  Lubricants  Research  Facility,  Southwest  Research  Institute,  San  Antonio,  TX, 
October  1986. 
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Initial  tests  at  a  fuel  inlet  temperature  of  41°C  and  a  rotor  speed  of  1960  rpm,  produced  a  transfer 
pump  pressure  in  excess  of  300  psi.  Subsequent  tests  were  carried  out  at  a  fuel  inlet  temperature 
of  95°C,  producing  a  transfer  pump  pressure  of  230  psi.  The  above  test  sequence  was  carried 
out  with  three  pumps,  all  of  which  operated  normally  after  3  hours  at  both  conditions. 

Finally,  intermittent  tests  were  carried  out  to  simulate  equipment  start-up.  The  pump  was  rapidly 
accelerated  from  rest  to  1800  rpm  and  operated  for  10  minutes.  This  procedure  was  repeated  for 
2  hours.  Once  again,  none  of  the  three  pumps  failed  daring  testing. 
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APPENDIX  B 

Wear  Levels  Observed  on  Used  Pump  Components 
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TABLE  B-l.  Subjective  Wear  Level*  on  Used  Pump  Contents 


Hydraulic  Head  &  Rotor 

Hydraulic  Head 

5 

1 

0 

1 

1 

(5-) 

(5) 

Discharge  Fittings 

0 

0 

0 

0 

0 

(-0-) 

(0) 

Distributor  Rotor 

5 

1 

0 

1 

1 

(5-) 

(5) 

Delivery  Valve 

3 

3 

0 

1 

3 

(3) 

(2) 

Plungers 

1 

0 

0 

0 

1 

(1) 

(1) 

Cam  Rollers  &  Shoes 

1 

2 

1 

1 

1 

(1) 

(-0) 

Leaf  Spring  and  Screw 

1 

1 

0 

0 

0 

(1) 

(1) 

Cam 

0 

4 

0 

0 

0 

(0) 

(0) 

Governor  Weight  Retainer 

1 

3 

0 

0 

3 

(1) 

(0) 

Governor  Weights 

0 

0 

0 

0 

0 

(0) 

(0) 

Governor  Thrust  Washer 

2 

2 

0 

1 

1 

(1) 

(1) 

Governor  Thrust  Sleeve 

1 

1 

0 

0 

0 

(0) 

(0) 

Drive  Shaft  Tang 

(4) 

Transfer  Pump 

Inlet  Screen 

1 

4 

NA 

NA 

NA 

(Clean) 

(0) 

Regulating  Adj.  Plug 

0 

4 

NA 

0 

0 

(0) 

(0) 

Regulating  Piston 

3 

4 

NA 

1 

1 

(2) 

(1) 

Regulator 

4 

3 

2 

2 

1 

(4) 

(2) 

Blades 

2 

3 

1 

1 

1 

(5) 

(4) 

Liner 

3 

3 

3 

3 

2 

(4) 

(1) 

Rotor  Retainers 

3 

3 

1 

2 

2 

(2) 

(3) 

Governor 

Metering  Valve 

3 

4 

0 

1 

1 

(1) 

(0) 

Metering  Valve  Arm 

1 

1 

0 

0 

1 

(1) 

(0) 

Advance 

Piston 

2 

4 

0 

1 

1 

(1) 

(1) 

Cam  Advance  Screw 

2 

2 

0 

0 

0 

(2) 

(1) 

Plugs 

0 

2 

0 

0 

0 

(0) 

(0) 

*  0  =  no  wear;  5  =  failure. 

( )  =  DB2  pumps  from  HMMWV,  GM  6.2L  engines;  all  other  arc  DBM  pumps  from  diesel  generator  sets. 
NA  =  Parts  were  not  available  when  pump  was  received  at  BFLRF. 

Note:  Pump  No.  1  =  Serial  No.  5545723  Pump  No.  5  =  Serial  No.  6192664 

Pump  No.  2  =  Serial  No.  6192152  Pump  No.  6  =  Serial  No.  6594676 

Pump  No.  3  =  Serial  No.  5258129  Pump  No.  7  =  Serial  No.  6594864 

Pump  No.  4  =  Serial  No.  6192153 
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APPENDIX  C 
Fuel  Properties 
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TABLE  C-l.  U.S.  Jet  A-l  Turbine  Fuel 
Batch  No.:  90-2B  Date:  November  3, 1990 
AL-19546-F 


Test 

SDecifications 

Minimum 

Maximum 

Gravity,  °API 

37.0 

51.0 

Density,  kg/m 

0.775 

0.840 

Color 

Report 

Distillation,  °C 

Initial  Boiling  Point 

5% 

10% 

204 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

95% 

End  Point 

300 

Recovery,  vol% 

Residue,  vol% 

1.5 

Loss,  vol% 

1.5 

Sulfur,  wt% 

0.300 

Doctor  Test 

Ncg. 

Freeze  Point,  °C 

-47.0 

Flash  Point,  °C 

38 

Viscosity,  cSt,  at  -34°C 

8.0 

Viscosity,  cSt,  at  40°C 

Copper  Corrosion 

IB 

Existent  Gum,  mg/100  mL 

7.0 

Particulates,  mg/L 

1.0 

Snoke  Point,  mm 

20.0 

WSIM 

Report 

Hydrocarbon  Composition,  vol% 

Aromatics 

20.0 

Olefins 

5.0 

Saturates 

Report 

Acidity,  total  (mg  KOH/g) 

0.015 

Net  Heat  of  Combusion,  Btu/lb 

18,400 

JFTOT,  mm  Hg 

25.0 

JFTOT,  TDR 

12 

Water  Reaction 

IB 

Separation  Rating,  max. 

2.0 

Interfacing  Rating,  max. 

IB 

Result 

49.5 

0.782 

+25 

160 

165 

167 

169 

170 
172 
175 
178 
182 
187 
195 
207 
218 
99.1 

0.9 

0.0 

0.002 

Ncg. 

-59.5 

44 

4.2 

1.07 

IB 

3.4 

0.8 

29.0 

99 

8.1 

0.0 

91.9 

0.004 

18721 

0.0 

1 

1A 

0.0 

1A 
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TABLE  C-2.  Reference  No.  2  (Cat  1*H)  Diesel  Fuel 
Batch  No.:  90-6  Date:  September  26,  1990 
AL-19561-F 


Specifications 


Test 

Minimum 

Maximum 

Result 

Gravity,  °API 

33.0 

35.0 

34.1 

Distillation,  °F  (°C) 

Initial  Boiling  Point 

400  (204) 

5% 

449  (232) 

10% 

462  (239) 

20% 

476  (247) 

30% 

489  (254) 

40% 

501  (261) 

50% 

500 

530 

515  (268) 

60% 

531  (277) 

70% 

550  (288) 

80% 

573  (301) 

90% 

590 

620 

611  (322) 

95% 

642  (339) 

End  Point 

650 

690 

669  (354) 

Recovery,  vol% 

99.0 

Residue,  vol% 

1.0 

Loss,  vol% 

0.0 

Cetane  Number 

47.0 

53.0 

50.0 

Flash  Point,  °F  (°C) 

140  (60) 

188  (87) 

Cloud  Point,  °F  (°C) 

24  (-4) 

Pour  Point,  °F  (°C) 

20  (-7) 

15  (-9) 

Water  and  Sediment,  vol% 

0.05 

<0.05 

Sulfur,  wt% 

0.38 

0.42 

0.39 

Ash,  wt% 

0.010 

0.001 

Viscosity,  cSt,  at  40°C 

2.00 

4.00 

3.00 

Copper  Corrosion 

2 

1A 

Neutralization  No.,  mg  KOH/g 

0.15 

0.07 

Ramsbottom,  10%  residium,  wt% 

0.20 

0.10 
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TABLE  C-3.  Saudi  Arabian  Jet  A-l  Fuels 
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t  Recommended,  Preliminary  (?)  means  needs  discussion. 


TABLE  C-3.  Saudi  Arabian  Jet  A-l  Fuels  (Cont’d) 
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t  Recommended,  Preliminary  (?)  means  needs  discussion. 


TABLE  C-4.  Saudi  Arabian  Diesel  Fuels 
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Hash  Point,  °F  (°C)  ASTM  D  93  or  140  (60),  min  158  (70)  153  (67)  158  (70)  164  (73) 

ASTM  D  93 
Auto.  Hash  Tester 


TABLE  C-4.  Saudi  Arabian  Diesel  Fuels  (Cont’d) 
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APPENDIX  D 

Cameron-Plint  Wear  Test  Apparatus 
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Work  by  Kanakia,  Cuellar,  Jr.,  and  Lestz  used  the  Cameron-Plint  High  Frequency  Reciprocating 
Machine  to  develop  fuel  wear  tests.*  The  Cameron-Plint  wear  test  apparatus  is  intended 
primarily  for  the  rapid  assessment  of  the  performance  of  lubricants  and  lubricant  metal 
combinations.  The  apparatus  is  shown  in  Fig.  D-l.  An  upper  specimen  slides  on  a  lower  flat 
with  a  pure  sinusoidal  motion.  The  scotch  yoke  mechanism  that  provides  this  motion  is  driven 
by  a  variable  speed  motor.  The  amplitude  of  the  stroke  may  be  varied  from  2  to  15  mm,  at 
frequencies  ranging  from  5  to  50  Hz. 


Figure  D-l.  Schematic  diagram  of  the  Cameron-Plint  wear  test  apparatus 


The  lower  (fixed)  specimen  is  carried  in  a  stainless  steel  bath  mounted  on  a  heater  block.  The 
upper  (oscillating)  specimen  is  loaded  using  a  spring  balance.  The  friction  force  on  the  lower 
specimen  is  measured  by  a  piezoelectric  force  transducer,  with  a  resolution  of  0.001  N.  Electrical 
output  from  the  transducer  is  recorded  on  a  y-t  chart  recorder,  independent  of  sliding  direction. 


*  Kanakia,  M.D.,  Cuellar,  J.P.,  Jr.  and  Lestz,  S.J.,  "Development  of  Fuel  Wear  Tests  Using  the 
Cameron-Plint  High-Frequency  Reciprocating  Machine,"  Interim  Report  BFLRF  No.  262 
(AD  A216003),  prepared  by  Belvoir  Fuels  and  Lubricants  Research  Facility,  Southwest 
Research  Institute,  San  Antonio,  TX,  May  1989. 
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Electrical  Contact  Resistance  Measurement 


A  Lunn-Furey  circuit  (Fig.  D-2)  was  used  to  measure  the  contact  resistance  formed  between  the 
sliding  specimens.  A  potential  of  20  millivolts  is  applied  across  the  specimens  by  a  potential 
divider,  and  the  contact  resistance  is  observed.  The  voltage  drop  across  the  contact  is 
representative  of  the  contact  resistance.  The  output  may  be  recorded  on  a  y-t  plotter. 

i 
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5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 


DIRECTOR 

US  ARMY  MATERIEL  SYSTEMS 
ANALYSIS  ACTIVITY 

ATTN:  AMXSY-CM  1 

ABERDEEN  PROVING  GROUND  MD 
21005-5006 


CDR 

US  ARMY  TANK-AUTOMOTIVE  COMMAND 


ATTN:  AMSTA-RG  1 

AMSTA-RG  (MR  CHECKLICH)  1 

AMSTA-MTC  (MR  GAGLIO)  1 

AMSTA-RGP  1 

AMSTA-MC  1 

AMSTA-MV  1 

WARREN  MI  48397-5000 


PROJ  MGR,  MOBILE  ELECTRIC  POWER 
US  ARMY  TROOP  SUPPORT  COMMAND 
ATTN:  AMCPM-MEP-TM 

(COL  BRAMLETTE)  1 

7500  BACKLICK  ROAD 
SPRINGFIELD  VA  22150 


CDR 

THEATER  ARMY  MATERIAL  MGMT 
CENTER  (2GQTH)-DPGM 
DIRECTORATE  FOR  PETROL  MGMT 
ATTN:  AEAGD-M  MC-PT-Q  1 

APO  NY  09052 

CDR 

US  ARMY  GENERAL  MATERIAL  & 
PETROLEUM  ACTIVITY 
ATTN:  STRGP-F  1 

STRGP-FE,  BLDG  85-3 

(MR  GARY  SMITH)  1 

STRGP-FT  (MR  ROBERTS)  1 

NEW  CUMBERLAND  PA  17070-5008 

CDR 

US  ARMY  LABORATORY  COMMAND 
ATTN:  AMSLC-TP-PB  (MR  GAUL)  1 

AMSLC-TP-AL  1 

ADELPHI  MD  20783-1145 


CDR 

US  ARMY  RES,  DEVEL  &  STDZN  GROUP 
(UK) 

ATTN:  AMXSN-UK-RA 

(DR  REICHENBACH)  1 

BOX  65 

FPO  NEW  YORK  09510-1500 
CDR 

US  ARMY  RESEARCH  OFFICE 
ATTN:  SLCRO-EG  (DR  MANN)  1 

SLCRO-CB  1 

P  O  BOX  12211 

RSCH  TRIANGLE  PARK  NC  27709-2211 
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CDR 

US  ARMY  FORCES  COMMAND 

ATTN*  FpQl  ca  I 

FORT  MCPHERSON  GA  30330-6000 
CDR 

US  ARMY  TANK-AUTOMOTIVE  CMD 
PROGR  EXEC  OFF  CLOSE  COMBAT 
PM  ABRAMS,  ATTN:  AMCPM-ABMS 
PM  BFVS,  ATTN:  AMCPM-BFVS 
PM  113  FOV,  ATTN:  AMCPM-M1 13 
PM  M60  FOV,  ATTN:  AMCPM-M6Q 
APEO  SYSTEMS,  ATTN:  AMCPEO-CCV-S 
PM  LAV,  ATTN:  AMCPM-LA-E 
WARREN  MI  48397-5000 

CDR 

US  ARMY  YUMA  PROVING  GROUND 
ATTN:  STEYP-MT-TL-MP 
YUMA  AZ  85365-9103 

CDR 

US  ARMY  TANK-AUTOMOTIVE  CMD 
PROGR  EXEC  OFF  COMBAT  SUPPORT 
PM  LIGHT  TACTICAL  VEHICLES 
ATTN:  AMCPM-TVL 
PM  MEDIUM  TACTICAL  VEHICLES 
ATTN:  AMCPM-TVM 
PM  HEAVY  TACTICAL  VEHICLES 
ATTN:  AMCPM-TVH 
WARREN  MI  48397-5000 

PROJ  MGR,  LIGHT  ARMORED  VEHICLES 
ATTN:  AMCPM-LA-E 
WARREN  MI  48397 

CDR,  US  ARMY  TROOP  SUPPORT 
COMMAND 
ATTN:  AMSTR-ME 
4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120-1798 

CDR 

US  ARMY  LEA 
ATTN:  LOEA-PL 
NEW  CUMBERLAND  ARMY  DEPOT 
NEW  CUMBERLAND  PA  17070 

CDR 

US  ARMY  GENERAL  MATERIAL  <5c 
PETROLEUM  ACTIVITY 
ATTN:  STRGP-PW 
BLDG  247,  DEFENSE  DEPOT  TRACY 
TRACY  CA  95376-5051 


HQ,  EUROPEAN  COMMAND 
ATTN:  04/7-LJPO  1 

VAIHINGEN,  GE 
APONY  09128 


CDR 

US  ARMY  ENGINEER  SCHOOL 
ATTN:  ATSE-CD  1 

1  FORT  LEONARD  WOOD  MO  65473-5000 
l 

1  CDR 

1  US  ARMY  EUROPE  &  SEVENTH  ARMY 
1  ATTN:  AEAGD-TE  1 

1  APO  NY  09403 

HQ 

US  ARMY  TRAINING  &  DOCTRINE  CMD 
ATTN:  ATCD-SL  1 

1  FORT  MONROE  VA  23651-5000 

CDR 

US  ARMY  TRANSPORTATION  SCHOOL 
ATTN:  ATSP-CD-MS  1 

FORT  EUSTIS  VA  23604-5000 

1  CDR 

US  ARMY  QUARTERMASTER  SCHOOL 
i  ATTN:  ATSM-CDM  1 

ATSM-PWD  1 

1  FORT  LEE  VA  23801 

PR03ECT  MANAGER 
PETROLEUM  &  WATER  LOGISTICS 
1  ATTN:  AMCPM-PWL  3 

4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120-1798 

1  HQ,  US  ARMY  ARMOR  CENTER 

ATTN:  ATSB-CD-ML  1 

ATSB-TSM-T  1 

FORT  KNOX  KY  40121 


CDR 

1  COMBINED  ARMS  COMBAT 
DEVELOPMENT  ACTIVITY 
ATTN:  ATZL-CAT-E  1 

FORT  LEAVENWORTH  KS  66027-5300 


CDR 

US  ARMY  COMBINED  ARMS  &  SUPPORT 
1  COMMAND  &  FT  LEE 

ATTN:  ATCL-CD  1 

FORT  LEE  VA  23801-6000 
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CDR 

US  ARMY  FIELD  ARTILLERY  SCHOOL 
ATTN:  ATSF-CD  1 

FORT  SILL  OK  73503-5600 

CDR 

US  ARMY  INFANTRY  SCHOOL 
ATTN:  ATSH-CD-MS-M  1 

ATSH-TSM-FVS  1 

FORT  BENNING  GA  31905-5400 

CDR 

US  ARMY  AVIATION  CTR  &  FT  RUCKER 
ATTN:  ATZQ-DI  i 

FORT  RUCKER  AL  36362 

CDR 

US  ARMY  SAFETY  CENTER 

ATTN:  PESC-SSD  1 

FORT  RUCKER  AL  36362 


DEPARTMENT  OF  THE  NAVY 

CDR 

NAVAL  AIR  PROPULSION  CENTER 
ATTN:  PE-33  (MR  D'ORAZIO)  1 

P  O  BOX  7176 
TRENTON  NJ  06828-0176 

CDR 

DAVID  TAYLOR  RESEARCH  CTR 

ATTN:  CODE  2759  (MR  STRUCKO)  1 

ANNAPOLIS  MD  21402-5067 

OFFICE  OF  THE  CHIEF  OF  NAVAL 
RESEARCH 

ATTN:  OCNR-126  (DR  ROBERTS)  1 

ARLINGTON  VA  22217-5000 

DEPARTMENT  OF  THE  NAVY 

HQ,  US  MARINE  CORPS 

ATTN:  LMM/2  3 

WASHINGTON  DC  20380 

CDR 

NAVAL  AIR  SYSTEMS  COMMAND 
ATTN:  CODE  53632F  (MR  MEARNL'l  1 

WASHINGTON  DC  20361-5360 

CDR 

NAVAL  RESEARCH  LABORATORY 
ATTN:  CODE  6180  1 

WASHINGTON  DC  20375-5000 


CDR 

NAVY  PETROLEUM  OFFICE 
ATTN:  CODE  43  (MR  LONG)  1 

CAMERON  STATION 
ALEXANDRIA  VA  22304-6180 

PROJ  MGR,  M60  TANK  DEVELOPMENT 
ATTN:  USMC-LNO  1 

US  ARMY  TANK-AUTOMOTIVE 
COMMAND  (TACOM) 

WARREN  MI  48397-5000 

CG 

USMC  RDA  COMMAND 

PM  GROUND  WEAPONS  1 

QUANTICOVA  22134-5080 


DEPARTMENT  OF  THE  AIR  FORCE 

HQ, USAF 

ATTN:  LEYSF  1 

WASHINGTON  DC  20330 

CDR 

US  AIR  FORCE  WRIGHT  AERO  LAB 
ATTN:  AFWAL/POSF  (MR  DELANEY)  1 

WRIGHT-PATTERSON  AFB  OH 
45433-6563 

CDR 

SAN  ANTONIO  AIR  LOGISTICS  CTR 
ATTN:  SA-ALC/SFT  (MR  MAKRIS)  1 

SA-ALC/LDPE  1 

KELLY  AIR  FORCE  BASE  TX  78241 

CDR 

WARNER  ROBINS  AIR  LOGISTIC  CTR 
ATTN:  WRALC/LVR-1  (MR  PERAZZOLA)  1 

ROBINS  AFB  GA  31098 


OTHER  GOVERNMENT  AGENCIES 

ENVIRONMENTAL  PROTECTION  AGENCY 
AIR  POLLUTION  CONTROL  1 

2565  PLYMOUTH  ROAD 
ANN  ARBOR  MI  48105 

US  DEPARTMENT  OF  ENERGY 
ATTN:  MR  JERRY  A  ALLSUP  1 

MAIL  CODE  CE-151 
FORRESTAL  BLDG. 

1000  INDEPENDENCE  AVE,  SW 
WASHINGTON  DC  20585 
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